To examine whether EB1 directly affects microtubule interaction is often disrupted in colon cancer, due polymerization, we produced EB1 as a GST fusion protein to mutations in APC. EB1 also interacts with the ( Figure 1a ) and incubated it with purified tubulins in a plus-ends of microtubules and targets APC to microtubule-stabilizing buffer, followed by the monitor- which also disrupts its ability to bind to EB1. (Figure 1b) . These results were microscopically conFurthermore, yeast EB1 protein effectively firmed by the formation of organized microtubule fibers, substitutes for the human protein but also requires which were only generated in the presence of both EB1
To examine whether the EB1 and C-APC interaction is consistent with C-APC binding of microtubules via EB1. Cdc2-phosphorylated C-APC failed to cosediment with essential for EB1 to promote microtubule assembly, we used Cdc2, which can phosphorylate APC at two in vivo microtubules, even in the presence of EB1 (Figure 2b , right panels), confirming that Cdc2 phosphorylation disphosphorylation sites (Figure 2a ) and prevent it from binding EB1 [4, [16] [17] [18] . When C-APC and EB1 were incubated rupts the ability of C-APC to bind EB1 [18] . To examine the microtubule assembly activity of phosphorylated C-APC, with Cdc2 in the presence of [ 32 P]-ATP, C-APC, but not EB1, was efficiently phosphorylated (Figure 2b , left C-APC protein was first phosphorylated by Cdc2 and then incubated with EB1 and tubulins, followed by the panel), as shown previously [18] . To confirm that phosphorylation of C-APC by Cdc2 disrupts its ability to bind assembly assay and immunostaining with the anti-tubulin mAb. No microtubule assembly activity was detected by to EB1, C-APC was preincubated with either Cdc2 or control buffer, then incubated with EB1 and Taxol-stabieither the turbidity assay or immunostaining (Figure 2c,d) . These results together indicate that C-APC binding conlized microtubules, followed by centrifugation to sediment both microtubules and binding proteins. Nonphosfers the ability of EB1 to promote microtubule assembly and that this APC activity is regulated by Cdc2 phosphoryphorylated C-APC was cosedimented with microtubules, but only in the presence of EB1 (Figure 2b , right panels), lation. 
Synergy of EB1 and C-APC on microtubule
in APC [12] . It would be interesting to examine whether polymerization is conserved Kar9 or other EB1 binding proteins can confer the ability Since human EB1 can rescue the EB1 deletion in yeast of the yeast EB1 protein to promote microtubule as-[10], we examined whether Mal3 substitutes for human sembly. EB1 in the microtubule assembly assay. When purified GST-Mal3 and its truncation mutant ( Figure 3a) were C-APC promotes microtubule assembly in vivo used in the microtubule assembly assay in the presence To investigate whether the interaction of EB1 and C-APC or absence of C-APC protein, like EB1, Mal3 alone failed affects microtubule assembly in vivo, we expressed C-APC to promote microtubule polymerization, but potently inin the SW480 colon cancer cell line, which contains a duced microtubule assembly in the presence of C-APC mutation in the APC gene, resulting in a C-terminal dele- (Figure 3b,d) . In contrast, the C-terminal deleted mutant tion, which includes the EB1 binding domain [2] . SW480 of Mal3, Mal3mt (1-130 aa), had no activity in the prescells were transfected with the vector GFP or GFP-C-APC, ence of C-APC (Figure 3c) , as is the case for the EB1 and stable cell lines were generated by G418 selection.
mutants (data not shown). These results demonstrate that
To examine the localization of both EB1 and C-APC, C-APC can also confer the ability of Mal3 to promote cells grown on coverslips were incubated on ice for 1 microtubule polymerization. Since yeast does not have hr to depolymerize microtubules and shifted to warm an APC homolog, it remains unclear which yeast protein medium for 1 min, followed by immunostaining with antiinteracts with Mal3 to promote microtubule assembly.
EB1 or anti-tubulin antibodies. GFP-C-APC colocalized Interestingly, Kar9p, a yeast EB1 binding protein involved with EB1 on elongating microtubule plus-ends (Figure in the microtubule-capturing mechanism, shows a signifi4a,b), which is consistent with the previous findings that EB1 targets APC to the microtubule distal tips [2-6]. cant sequence similarity to the EB1 binding sequences To examine microtubule assembly activity in these cells. This results indicates that the differences in C-APCand vector control-expressing cells at 1 min are not due SW480 cells stably expressing GFP-C-APC, they were incubated on ice for 1 hr and subjected to anti-tubulin to the defects in the nucleation from centrosomes or the quantity of tubulin heterodimers, but rather due to the immunostaining either directly or following incubation in warm media (30ЊC) for different times. As shown predifferences in the microtubule-polymerizing activity in these cells. These results demonstrate that C-APC proviously [19] , microtubules were depolymerized after 1 hr on ice (Figure 4c ). At the 1 min time point following motes microtubule assembly in vivo and indicate that APC mutant cells have a defect in microtubule assembly. incubation in the temperature shift, the GFP control cells contained rather short microtubules (Figure 4c ). In contrast, most SW480 cells stably expressing C-APC had
In mammalian cells, the interaction of EB1 and APC targets APC to the microtubule distal tips, and this tarmuch longer microtubules (Figure 4c ). We quantified these differences by counting the number of interphase geting mechanism is thought to allow APC to modulate microtubule dynamics [4, [20] [21] [22] . EB1 regulates microtucells with microtubule-asters that had a diameter longer than 5 m. More than 80% of C-APC-expressing cells, bule dynamics in vivo in yeast, and human EB1 can functionally replace the Mal3 gene in fission yeast, indicating but less than 15% of GFP-expressing cells, had asters longer than 5 m after 1 min at warm media (Figure 4d) . the functional conservation of EB1 proteins [10] . Our surprising finding that EB1 promotes microtubule polyHowever, at the 5 min time point following the temperature shift, no obvious difference in the density or the merization only in the presence of its binding protein, APC, uncovers a unique feature of EB1. It suggests that length of microtubules was observed between the control GFP and GFP-C-APC-expressing cell lines; both had exthe ability of EB1 to regulate microtubule polymerization is likely to depend on its binding proteins such as APC, tended asters long enough to reach the periphery of the Yeast EB1 and its binding protein Kar9 also play a crucial role in a similar microtubule-capture mechanism during nuclear migration [13, 14] . Furthermore, it has been reported recently that the EB1 binding sequence in APC is conserved in the EB1 binding site in Kar9p [12] . Consistently, we here show that C-APC can also confer the ability of Mal3 to promote microtubule polymerization. These results suggest that, in the microtubule-capture mechanism, EB1 may capture kinetochores and cell cortex and also change the dynamics of microtubules on captured chromosomes or cell cortex through its binding partners, such as APC or Kar9p. This may link the microtubule-capture mechanism to microtubule dynamics.
In summary, we demonstrate that human and yeast EB1 proteins potently promote microtubule assembly only when bound to the C terminus of APC. Furthermore, this activity of the EB1-APC complex is regulated by phosphorylation. Finally, stable expression of the C-terminal APC fragment in APC mutant cells promotes microtubule polymerization, demonstrating its ability to promote microtubule assembly in vivo. These results indicate that the interaction between EB1 and APC plays an essential role in the regulation of microtubule polymerization in vitro and in vivo, and a similar mechanism may also be conserved in yeast.
C-APC promotes microtubule assembly in APC mutant cells. (a,b) 
